The large accumulation of organic matter in peatlands is primarily caused by slow rates of litter decomposition. We determined rates of decomposition of major peat-forming litters of vascular plants and mosses at five sites: a poor fen in New Hampshire and a bog hummock, a poor fen, a beaver pond margin and a beaver pond in Ontario. We used the litterbag technique, retrieving triplicate litterbags six or seven times over 3-5 years, and found that simple exponential decay and continuous-quality non-linear regression models could adequately characterize the decomposition in most cases. Within each site, the rate of decomposition at the surface was generally Typha latifolia leaves = Chamaedaphne calyculata leaves = Carex leaves > Chamaedaphne calyculata stems > hummock Sphagnum = lawn/hollow Sphagnum, with exponential decay constant (k) values generally ranging from 0.05 to 0.37 and continuous-quality model initial quality (q 0 ) values ranging from 1.0 (arbitrarily set for Typha leaves) to 0.7 (Sphagnum). In general, surface decay rates were slowest at the bog hummock site, which had the lowest water table, and in the beaver pond, which was inundated, and fastest at the fens. The continuous-quality model site decomposition parameter (u 0 ) ranged from 0.80 to 0.17. Analysis of original litter samples for carbon, nitrogen and proximate fractions revealed a relatively poor explanation of decomposition rates, as defined by k and q 0 , compared to most well-drained ecosystems. Three litters, roots of sedge and a shrub and Typha leaves, were placed at depths of 10, 30 and 60 cm at the sites. Decomposition rates decreased with depth at each site, with k means of 0.15, 0.08 and 0.05 y )1 at 10, 30
INTRODUCTION
The accumulation of large amounts of organic matter in peatland ecosystems (>100 kg m )2 ) represents an imbalance between input of C from plant production and its export from the peatland as carbon dioxide, methane or dissolved organic carbon, which are the products of the decomposition of plant tissues and organic matter in the soil (Gorham 1991) . Rates of net primary production in peatlands are generally small (for example, Campbell and others 2000; Moore and others 2002) , as are rates of net ecosystem exchange of CO 2 and soil respiration (Frolking and others 1998) . Thus, the accumulation of organic matter in peatlands is generally ascribed to slow rates of decomposition associated with cool temperatures, anoxic conditions, functionally limited decomposer communities, and litter and organic matter substrates that are naturally slow to decompose.
Several studies have used the litter-bag technique to determine the short-term (generally <3 years) rate of decomposition of litter in northern peatlands and the main controls on these rates. Rates have been found to be slow, with exponential decay (k) values of generally less than 0.3 y )1
for litters placed on the peat surface (Moore and Basiliko 2006) . Controls on rates of decomposition generally fit within the broad climate and litter chemistry postulated by Aerts (1977) . Although there may be an over-riding macro-climate control, the evidence for a hydrologic control on decomposition rates in peatlands is mixed: there may be a stimulation of decomposition by short periods of waterlogging whereas prolonged flooding may slow rates (for example , Day 1983; Wylie 1987; Lockaby and others 1996; Baker and others 2001) . In a comparison of three pairs of adjacent upland and peatland sites in eastern Canada, Moore and others (2005) were unable to detect major differences after 6 years in decomposition rates of ten foliar litters. The effect of litter chemistry, such as N concentration and lignin content, on decomposition rates has been postulated (for example, Limpens and Berendse 2003; Moore and others 2005) but may be of limited applicability in peatlands where moss chemistry may play an important role (Clymo 1965; Banerjee and Sen 1979; Painter 1991; Johnson and Damman 1993; Verhoven and Toth 1995; Verhoven and Liefveld 1997; Turetsky 2003) .
Most litter-bag studies have focused on tissues placed on the peat surface, whereas considerable plant productivity may enter the peat ecosystem below-ground. In many peatlands, the majority of total plant biomass is allocated belowground, presumably to capture nutrients and water resources (for example, Wallé n 1986; Backé us 1990; Sjö rs 1991; Saarinen 1996; Laiho and Finé r 1996) . The vertical variation in temperature and aerobic/ anaerobic conditions within the peat profile may exert a profound influence on decomposition rates. Johnson and Damman (1991) noted a decrease in the rate of Sphagnum decomposition over 22 months when samples were moved from the peat surface to a depth of 50 cm and Belyea (1996) observed changes in decomposition rate when samples were transplanted between the surface and the water table. In Alberta fens, Thormann and others (2001) determined decomposition rates of roots and rhizomes placed 3-10 cm beneath the peat surface.
Although these studies provide insight into decomposition rates of peat-forming tissues, they generally suffer from being of short duration (generally <3 years), being restricted to a narrow range of sites and focusing mainly on surface litter. Our objectives in this study were to determine the rate of decomposition of important peat-forming plant litters at five sites located in two peatlands using the litterbag technique over 3-5 years, including both surface and three subsurface depths. We relate these rates of decomposition to the type of litter and the environment of emplacement.
MATERIALS AND METHODS

Site Descriptions
Sallie's Fen (SF) is a mineral poor, Sphagnumdominated peatland located in southeastern New Hampshire (43°13¢N, 71°04¢W). Mean annual temperature for Durham, NH, approximately 15 km southeast of the site, is 8.2°C, ranging from )5.4°C in January to 20.9°C in July. Mean annual precipitation is 1,071, 351 mm of which falls during the summer months of May to August (Barry Keim, NH State Climatologist, 30-year climate normals). The overall fen complex has a nutrient and hydraulic gradient of minerotrophic wet edges to an oligotrophic central area with pH ranging from 4.2 to 5.7 and peat depth ranging from 2 to 4.5 m (Melloh and Crill 1996) . Sphagnum mosses (for example, Sphagnum fallax and Sphagnum magellanicum) dominate the surface. Sedges (Carex rostrata) dominate the plant communities in the wetter portions of the fen, whereas ericaceous shrubs, such as leatherleaf (Chamaedaphne calyculata) and cranberry (Vaccinium oxycoccus) dominate the drier areas. Red maple (Acer rubrum) is common along the margins of the fen, while speckled alder (Alnus incana ssp. rugosa) and highbush blueberry (Vaccinium corymbosum) are interspersed throughout the fen (Bubier and others 2003a ). Sallie's Fen is found near the southern boreal/northern temperate delineation (Mitsch and Gosselink 2000) .
The Mer Bleue (MB) peatland is primarily a large ombrotrophic bog located in the Ottawa River Valley, 10 km east of Ottawa, Ontario, Canada (45°24¢N lat., 75°30¢W long.). Mean annual temperature is 6.0°C, ranging from )10.8°C in January to 20.9°C in July. Mean annual precipitation is 943, 342 mm of which falls during the summer months (Environment Canada; climate normals). Peat began to form approximately 8,500 years ago, but the bog phase began later, about 7,000 years ago (Roulet and others 2007) . The peat depth now ranges from 2 m at the edge to greater than 5 m in the middle. Beaver ponds are found at the lagg margin of the bog. Plant communities comprised primarily of the ericaceous shrubs C. calyculata, Ledum groenlandicum, and Kalmia angustifolia dominate the bog. Clusters of the deciduous shrub Vaccinium myrtilloides and the tufted sedge Eriophorum vaginatum are fairly common across the bog. The most common tree species found in the bog is Larix laricina, with Betula populifolia and Picea mariana occurring less frequently. In the MB poor fen, located to the north of the bog proper, community composition is primarily composed of the ericaceous shrubs listed above, including higher densities of K. angustifolia and Andromeda glaucophylla. The primary sedge in this area is Carex oligosperma. All sites are dominated by an understory of bryophytes, mainly S. magellanicum, Sphagnum capillifolium and Polytrichum strictum in the bog, with Sphagnum papillosum and S. fallax common in the wetter portions of the poor fen. Plant communities on the edge of the bog leading into the beaver pond are dominated by ericaceous shrubs at the driest end of the gradient, and by an increasing dominance of cat-tail (Typha latifolia), sedges (Dulichium arundinaceum, Carex spp.), and floating Sphagnum mosses (for example, Sphagnum majus) toward the wetter zones others 2003b, 2006) . At the MB beaver pond margin, the vegetation was dominated by sedges and T. latifolia, with a few young B. populifolia trees. At the MB pond site, the litterbags were placed on the pond sediment, which was about 60 cm thick, under approximately 75 cm of water, but drying of the pond lowered the average depth of inundation to about 50 cm and emergent sedges and herbs grew. Surface water pH ranges from 3.5 in the bog hollows to 6.1 in the poor fen and the beaver pond margin.
The five sites chosen for this comparison of litter decomposition were Sallie's Fen (SF), and bog hummock (MB bog), mineral poor fen (MB fen), the terrestrial margin of a beaver pond (MB margin) and the edge of a beaver pond (MB pond) at Mer Bleue.
Litterbags
We chose litters based on the dominant vascular plants and mosses, which in some cases were the same species at MB and SF. The evergreen shrub C. calyculata was prevalent at both sites and we used leaves and stems as well as cattail T. latifolia leaves. The most abundant sedge at Sallie's fen was C. rostrata, whereas at the Mer Bleue poor fen, the smaller C. oligosperma was dominant and we used the leaves of these two. Sphagnum magellanicum and S. fallax were the most common mosses at Sallie's Fen, whereas the hummock species S. capillifolium and hollow species S. angustifolium were used for this experiment at Mer Bleue.
We collected senesced tissues in the fall, air-dried and placed them in the field; a subsample of each litter type was oven-dried to determine the air-dry to oven-dry conversion. Litter bags were made of fiberglass mosquito netting, mesh size 1.5 · 2 mm. Leaves and stems were placed at the peat surface, Sphagnum was placed at 0-5 cm beneath the peat surface, whereas roots were placed at three depths below the surface (10, 30, and 60 cm). In addition, we placed Typha leaves at all depths below the peat surface at all sites to compare the decay rate of one similar tissue at all locations. We also conducted a transplant experiment with Typha leaves collected at Mer Bleue and placed at all peat depths at Sallie's Fen.
Triplicate litterbags were retrieved over 4-5 years, except at the MB margin and MB pond sites, where rapid growth of vegetation precluded recovery at 5 years. At the MB sites, litterbags were retrieved at 0.3, 0.5, 1.0, 1.5, 2.0, 3.3 and 5.3 years, except at the margin and pond, where we were unable to locate the last set of samples. At SF, retrieval was after 0.3, 1.0, 1.6, 2.4, 3.5 and 4.5 years. We calculated the k-values for 4.5 years for MB and compared with 5.25 years k values and found no significant difference (P > 0.05), so we believe that SF and MB k values are similar. After collection, litterbags were oven dried at 70°C. The remaining litter was then weighed and percent of the original mass calculated.
Decay rates for T. latifolia leaves grown at SF and those grown at MB but placed at SF, were not significantly different. Two-sample T tests indicated that at all depths combined and at each individual depth (10, 30 and 60 cm), the mass remaining was statistically the same (P > 0.05).
Modelling
We used a single-exponential linear regression model (Trofymow and others 2002) to calculate the decay constant k-value: ln y = a ) kt, where y is percent mass remaining, a = intercept, k = decay constant and t = time of exposure in years. 
where m 0 is the initial litter mass; f C is the constant carbon concentration in the decomposer biomass; b is needed to transform the data into a linear form; g 11 describes the rate of quality change during decomposition; u 0 is a basic metabolic rate parameter and as such responds to temperature and humidity (site characteristics); q 0 is the initial litter (substrate) quality; t is time (years); e 0 is the decomposer efficiency. We ran the model for each litter at each location to estimate the parameters q 0 and u 0 , setting the other parameters at f C = 0.5, b = 7, g 11 = 0.36 and e 0 = 0.28. The parameter q 0 was arbitrarily set at one for Typha for each site and depth, the u 0 was calculated and then used to estimate the q 0 for the other tissues. Thus, we have estimated one u 0 for each site or depth, based on Typha, and the estimates of q 0 for each tissue at that site, relative to q 0 Typha = 1. The u 0 was estimated for all species using the previous estimates of q 0 within specific site. We report the standard error (SE) of each estimate of q 0 and u 0 and the mean square error for the whole model. To run the model, the script was written for JMP IN 5.1 (SAS) statistical software.
Litter Analyses
We analyzed initial tissues for concentrations of C and N using a Carlo Erba NC)2500 elemental analyzer. Proximate analysis into ash, non-polar extractables, hot-water soluble substances, cellulose and lignin fractions was performed using the method developed for peat soils by Wieder and Starr (1998) ; not all the fractions in the original method were determined.
Environmental Characteristics
Air temperature and temperature at depths of 10, 30 and 60 cm were determined from continuous measurements made at an eddy-covariance tower at MB, and continuous water table measurements were recorded at a hummock at this location (Table 1). The hummock temperature and water table position is taken to be similar to the bog site at MB. At SF, the meteorological station continuously sampled air and peat temperature at several depths (every 2 cm below the peat surface to )20 cm, then at )25, )30, )50, )70, and )90 cm), water table position and precipitation.
RESULTS
Patterns of decomposition are illustrated in Fig
ure 1. We tested the single-exponential linear regression model to derive the decay constant k and the intercept a. There was a generally good fit of the exponential model, using individual litterbag data (n = 18-21) with r 2 values ranging from 0.04 to 0.91, with an average of 0.55, and only seven of the 75 data sets having a P value greater than 0.05 (Tables 2, 3 ). The r 2 values increased with k values (r 2 = 0.46, P < 0.001), suggesting that errors in analysis of litter, particularly in Sphagnum samples that decompose slowly, constrain the efficiency of the regression model in these systems. The intercept of mass remaining at time zero ranged from ln 4.172 to 4.691 (equivalent to 65-109%), with a mean of ln 4.542 (equivalent to 94%), suggesting a double-exponential decay, the first representing rapid leaching losses and the second decomposition. This pattern has been noted in other decomposition studies (for example, Hobbie and Gough 2004) ; but to simplify comparison of decomposition rates among our litters and with those in the literature, we have used a single-exponential model. The continuous-quality non-linear regression model performed well with mean standard errors of about 0.02 (that is, 2% mass), the exceptions being the Sphagnum samples (Tables 2, 3 ).
Decomposition Among Surface Litters
The rate of decomposition, as the k value, ranged from )0.04 to 0.37 y )1 and was in the general se- quence Typha leaves = Chamaedaphne leaves = Carex leaves > Chamaedaphne stems > hummock Sphagnum = hollow/lawn Sphagnum (Table 2 ; Figure 1). The same pattern is produced when comparing the mass remaining at the end of the study. There were, however, some differences in litter decomposition rates within specific sites (Table 2) . At the SF fen, the dominant sedge, C. rostrata, decomposed rapidly (k = 0.37 y )1 ) compared to other litters at the site and much faster than the C. oligosperma at the other four sites (k = 0.17-0.22 y )1 ). At the MB bog, the Typha leaves decomposed quickly compared to the sedge and shrub leaves (k = 0.22 vs. 0.17 and 0.18 y )1 ) and at the MB fen site, the C. oligosperma leaves decomposed more slowly than the shrub and Typha leaves (k = 0.20 vs. 0.31 and 0.29 y )1 ). At the MB beaver pond margin, the sedge, shrub and cat-tail leaves decomposed at a similar rate (k = 0.22-0.24 y )1 ) and faster than the shrub stems (0.16 y )1 ). In the MB pond, the sedge leaves decomposed more quickly than the shrub and cat-tail leaves (k = 0.24, and 0.13 and 0.14 y )1 ), the shrub stems decomposed slowly (k = 0.06 y )1 ) and the pattern of moss decomposition was erratic with S. capillifolium decomposing relatively quickly (k = 0.19 y )1 ) and S. angustifolium showing no significant mass loss over the 3.3 years (k = )0.02 y )1 ).
The continuous-quality non-linear regression model estimated initial quality (q 0 ) ranging from 1.04 to 0.59, where Typha leaves at each site were set at 1.00 (Table 2) . As with the exponential k values, there was some variability in q 0 among sites, but the general sequence was Typha leaves = Chamaedaphne leaves > Carex leaves > Chamaedaphne stems > hummock Sphagnum = hollow/lawn Sphagnum.
Analysis of the original litters showed that C:N quotients driven primarily by variations in N concentrations (Table 4 ) fell in a narrow range (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) (62) (63) for the leaves at SF and MB, with larger quotients for the stems (87 and 113). The Sphagnum used at MB had C:N quotients of 51 and 53, substantially smaller than those used at SF (87 and 105). Proximate analyses showed a small ash content (generally <2%) and varying concentrations of lignin with the mosses greater than 20% (Table 5) .
There were few strong relationships between litter chemistry and decomposition rates derived as the k or q 0 values. The C:N quotient and lignin:N quotient were not significantly related to decomposition rate at any of the five sites, using the six litters ( Figure 2 ). But there were significant (P < 0.05) negative correlations between the lignin concentration and decomposition rate at four of the five sites, driven by the high lignin concentration and slow decomposition rate of the two Sphagnum litters. There is a strong correlation between the k and q 0 values for surface litters, so that a very similar series of relationships is demonstrated for q 0 .
Decomposition Among Sites
When the mean k value of the six surface litters is calculated, the sequence is MB fen > SF > MB margin > MB bog = MB pond (values are 0.21, 0.19, 0.15, 0.13 and 0.12 y )1 , respectively). The
Typha leaves were placed at all sites and show the same overall sequence of k values (Figure 3 ). The continuous-quality model site values (u 0 ) showed a similar pattern, but with the SF site having a much larger value (0.80) than the MB sites (0.17-0.37).
Thus, it appears that the decomposition rates are fastest at those sites with an intermediate wetness (water table generally 10-20 cm beneath the peat surface), with slower rates at the dry bog and inundated pond sites. Note that subsurface temperatures at SF are colder than those at MB, despite warmer air temperatures (Table 1) .
Decomposition with Depth
At each site, there was a pronounced decrease in decomposition rate from the 10 to 60 cm depths: the k values fell from an overall average of 0.15 y from 0.25 y )1 at the surface to 0.18, 0.11 and 0.06 y )1 at 10, 30 and 60 cm, respectively. Similarly, the average site u 0 value fell from 0.25 at 10 cm to 0.13 and 0.07 at 30 and 60 cm, respectively. Within each site, there was some variability in the decomposition rates among litters. At the SF site, the roots of C. rostrata decomposed most quickly, followed by the Typha leaves and the roots of Chamaedaphne. At the MB sites, the fastest decomposition was shown by the Typha leaves; this was followed by the Chamaedaphne roots at the MB bog site and C. oligosperma roots at the MB margin site, with no difference in rates in the two root litters at the MB fen site. At the MB pond, the Typha leaves decomposed most rapidly, followed by the Carex roots and the Chamaedaphne roots. The mean of q 0 for all sites and depths was 1.00 for Typha leaves, 0.87 for Carex roots and 0.94 for Chamaedaphne roots Differences among sites were small compared to those among depths, with the general sequence MB bog > SF > MB margin = MB fen = MB pond primarily related to differences in decomposition at the 10 cm depth, as those at 30 and 60 cm were similar among the five sites. This differentiation is The single-exponential linear regression model has lny = a ) kt, using the percentage of mass remaining and t in years where a = intercept, k = decay constant, SE = standard error of the k estimate for the regression model, r 2 = coefficient of determination and P = P value. The continuous-quality model has q 0 as an estimate of the initial litter (substrate) setting Typha leaves as 1.00 and u 0 is a basic metabolic rate parameter responding to site characteristics, with their standard errors (SE). MSE is the continuous-quality mean standard error. * Unable to estimate SE. ) and those at 10 cm depth (k = 0.21 and 0.24 y )1 ). At the 30 cm depth, the Typha leaves retained a high k value (0.17 y )1 ) but the other two litters have slowed decomposition to 0.04-0.07 y )1 , similar to that observed at a depth of 60 cm, which is beneath the water table year-round. Typha leaves' k value also fell to 0.06 y )1 at 60 cm.
At the SF, MB fen and MB margin sites, 10 cm depth samples were initially close to the water table in the spring and autumn and above it during the summer, whereas litterbags at 30 and 60 cm would be nearly always beneath the water table. At the two fen sites, the rapid growth of the vegetation and the rise in water table position meant that in the later stages of decomposition, the litter bags were infrequently above the water table. Typha leaves placed at 10 cm decomposed more slowly than those placed on the surface (k values of 0.19, 0.16 and 0.18 y )1 vs. 0.24, 0.29 and 0.23 y )1 at SF, MB fen and MB margin, respectively), but were faster than those at either 30 or 60 cm depths ( Figure 5 ). With the two root litters, decomposition rates were relatively fast (k = 0.07-0.24 y )1 ) at the 10 cm depths and decreased at the 30 and 60 cm depths (k = 0.03-0.16 y )1 ). Decomposition of Carex roots at SF was faster than the other litters. The litterbags at the MB pond site were permanently under water, and generally showed the slowest decomposition rate at 10 cm depth. There was only a small decrease in decomposition rate with increasing depth in the MB pond, u 0 ranging from 0.17 at the sediment surface to 0.18 at 10 cm and 0.07 at 60 cm, compared to the other sites.
Temperature at these depths also influences rates of decomposition. The mean annual temperature from the surface to 60 cm at the SF and MB bog sites does not vary greatly (5.8-7.8°C, Table 1 ). But during the growing season, from May to October, air temperatures averaged 15.6 and 14.9°C at the SF and MB sites, respectively, whereas temperatures fell with depth. At SF, the May to October mean temperature decreased from 15.6°C in the air, to 12.1, 10.6 and 10.5°C at depths of 10, 30 and 60 cm, respectively. At MB bog, the decreases were from 14.9 to 15.3, 12.8 and 10.5°C. Note that the MB bog was slightly warmer than the SF fen, perhaps because of the lower water table.
DISCUSSION
The litterbag technique is simple, inexpensive and commonly used, but there are caveats. We used litterbags containing only one type of litter, whereas litter naturally decomposes in mixtures and this may affect the decomposition rates (see review by Gartner and Cardon 2004) . Although we measured decomposition over 3-5 years, this is a relatively short time compared to the rate at which litter is incorporated into soil organic matter in peatlands and measurements over longer periods may reveal different patterns of decomposition (for example, Latter and others 1998). Our data, and nearly all short-term (<5 years) litter bag studies in environments with slow decomposition rates, preclude the development of double exponential decay models. Data from Heal and others (1978) , as analyzed by Yu and others (2001) , show that a simple exponential model tends to underestimate mass remaining in the later stages of decomposition. The mesh size we used (1.5 · 2 mm) allowed sedges and mosses to grow in and through the bags placed on the peat surface, thus maintaining the position that litter would normally occupy as it decomposed; however, this growth into the bag of fresh tissues required careful sorting of the original litter before weighing. The mesh bags may create their own microclimate and fine meshes may exclude macro-fauna, which may be important in decomposition processes; the latter is likely to be insignificant in these northern peatlands, where the macrofaunal population is small. Our results from the surface litters of major plant species at the four sites confirm the slow rates of decomposition in these northern peatlands, with k values ranging from 0.05 to 0.37 y )1 . The major difference is between the Sphagnum moss and vascular plant litters. At Mer Bleue, a second study after 2 years has revealed that leaves of the deciduous shrub Vaccinium myrtilloides and the deciduous tree Betula populifolia have k values of 0.14 and 0.28 y )1 , respectively, and the herb Maianthemum trifoliata decomposes very rapidly, with a k value of 0.94 y )1 (T. Moore, unpublished data).
A collation of data on decomposition rates of surface litters in northern peatlands and wetlands confirms that the range of k values is generally between 0.05 and 0.35 y )1 (Table 5) others 2002). In general, it appears that sedge litter decomposes at a faster rate than shrub leaves, though the difference is not great (Table 6) .
There are few studies of the decomposition of non-foliar litters in peatlands, even though woody biomass is an important part of the above-ground fraction in many peatlands: at MB, shrubs stems comprise 54 and 44% of the total aboveground vascular biomass, or 148 and 90 g m , at the MB bog and fen sites, respectively (Bubier and others 2006) . Our k values of 0.14-0.22 y )1 for shrub stems are similar to shrub and sedge leaves at SF and MB. Hobbie and Gough (2004) reported k values of 0.03 and 0.05 y )1 for the stems of the shrub Betula nana in Alaskan tundra, considerably slower than 0.07-0.19 y )1 observed in sedge and shrub leaves. The tundra shrubs had 39% lignin, compared to 15% in our study. Our study and many others have identified the slow rate of decomposition of Sphagnum mosses in peatlands, though the range of reported k values is large, from 0.00 to 0.22 y )1 (Table 6 ). In part, this variation is related to species, with cuspidata Sphagnum, growing in wetter lawns and hollows, decomposing at generally faster rates than the acutifolia Sphagnum occupying the drier hummocks (see Johnson and Damman 1993) . Our study failed to consistently confirm this difference, though the hummock-forming S. capillifolium decomposed generally slower than the other Sphagnum species. It must also be noted that part of the variability may be related to variations in the section of Sphagnum stem used and its chemistry, and the position of emplacement of the Sphagnum litter. Furthermore, a wide range of pre-treatments has been applied to Sphagnum litters, ranging from air drying at 20°C to oven drying at temperatures between 30 and 70°C and even autoclaving. Nevertheless, it is clear that the slow rate of decomposition of surface Sphagnum is a major contributor to the accumulation of organic matter in peatlands.
The continuous-quality model was developed including a microbial decomposer component and a shift on the quality of the tissue, as decomposition proceeds. It has been applied to a range of decomposing litters from forests (for example, å gren and Bosatta 1996; Joffre and others 2001) and more recently to the temperature sensitivity of organic matter decomposition (Hyvö nen and others 2005) . This is the first time, to our knowledge, that it has been applied to peatlands and allowed a separation into the initial litter quality (q 0 ) and site (u 0 ) parameters. When the exponential decay k and q 0 and u 0 parameters are compared, there was a strong correlation between k and q 0 in the surface litters (r 2 = 0.66, P < 0.001) because site plays a minor role in determining decomposition rates, compared to the broad range in decomposability of the litters ( Figure 5 ). On the other hand, the strong correlation (r 2 = 0.45, P < 0.001) between k and u 0 in the subsurface litters is anticipated, because of the importance of position, relative to the water table, compared to litter quality between the two roots and Typha leaves. In general, the standard error of the continuous-quality model was smaller than that of the exponential decay model (Tables 2,  3) .
Although the number and range of litters used in this study is small (six), there was not as good a relationship between decomposition rate and litter chemistry as has been found for foliar material in upland forests (for example, Trofymow and others 2002) . At four of the five sites, the exception being the sediment at the base of the beaver pond, a significant relationship was found between decomposition rate and lignin concentration, but not with either C:N ratio or lignin:N ratio. In three central Canadian peatlands, lignin:N ratio provided a modest explanation of decomposition rate after 6 years (r 2 of 0.21-0.59) among ten foliar litters (Moore and others 2005; Moore and Basiliko 2006) . Both the peat substrate and the leachate of Sphagnum may affect decomposition rates (for example, Aerts and others (1999) ; Verhoeven and Toth 1995; Verhoeven and Liefveld 1997) and N content can have varying effects on Sphagnum decomposition rate (for example, Limpens and Berendse 2003) . In moist tundra sites, Hobbie and Gough (2004) also found that chemical analyses were not strong predictors of litter decomposition rates.
There are some differences in decomposition rates of the surface litters at the four MB sites in our study, with the wetter fen and beaver pond margin sites showing slightly faster decomposition rates Thormann and others (2001) Litter treatments, litterbag mesh size and length of exposure vary considerably.
than the dry bog and inundated beaver pond sites (Figure 2 ). In a 6-year study of decomposition of ten foliar litters at three pairs of well-drained upland and peatland sites in central Canada, Moore and others (2005) found minor differences in decomposition rates between paired sites, expressed as the mass remaining or k values. After 12 years of decomposition, the differentiation between upland and peatland decomposition rates was greater with only eight of the 36 litter uplandpeatland pairs showing a decomposition rate slower in the upland, or at the same rate as the peatland, based on k values and mass remaining after 12 years (T. Moore and J.A. Trofymow, personal communication) . This follows from the initial decomposition of aboveground litters in aerobic environments at or close to the peat surface. As noted earlier, short periods of inundation may stimulate decomposition, whereas dry conditions on hummocks, or permanently inundated sediments in ponds, may slow decomposition. However, our data suggest that over the initial period of decomposition (3-5 years), the effect of surface emplacement is minor. With water tables at 10-30 cm beneath the peat surface, it may take decades to centuries for the surface litter to enter the anaerobic section of the peat. At the MB bog site, peat in hollows at a depth of 30-40 cm has been shown to be about 200 years old (Richard, personal communication) . This is the depth of the summer water table. The time taken to reach this anaerobic zone would be longer in hummocks and shorter in sites with a rapid growth in Sphagnum and water table, such as the MB and SF fens.
Our results, however, have revealed the importance of position in the peat profile in determining decomposition rates, using two root litters and the Typha leaf control. Plant material entering the peat profile below 50 cm (beneath the water table) has a similar rate of decomposition as Sphagnum, placed on the peat surface. Others have also shown the importance of position on decomposition rates (for example, Belyea 1996; Damman 1991, 1993) though few studies have used root materials (for example, Thormann and others 2001) . Although root material may have the same potential for decomposition as litter from surface tissues, the rate of decomposition is strongly dependent on position within the profile, decreasing up to tenfold from 10 to 60 cm. At Mer Bleue, we have shown that most of the roots of shrubs at the bog are located above the position of the summer water table, thus are likely to decompose fairly quickly, whereas in the fen, the roots of sedges can penetrate beneath the water table, slowing their rate of decomposition (Moore and others 2002) .
The primary control on slowing decomposition rates with depth is the occurrence of anaerobic conditions brought about by the water table. Very variable results of the effect of anaerobism on decomposition rate of peat materials have been reported but Scanlon and Moore (2000) showed that at Mer Bleue conversion from aerobic to anaerobic conditions resulted in a decrease in CO 2 production rate from peat samples by 7-16 times. Although there are minor differences in mean annual temperature from the surface to a depth of 60 cm at the MB and SF sites, the surface temperature from May to October is about 5°C warmer than that at 60 cm (Table 1) . Assuming a Q 10 value of about two for the temperature dependence of decomposition of peat and litter (Scanlon and Moore 2000; Trofymow and others 2002) , the warmer conditions near the surface could increase decomposition rates by about half, compared to those at 60 cm depth. The cooler May to October subsurface (by 2-3°C at 10 and 30 cm depth) at SF, compared to MB, may explain why rates of decomposition were faster at the surface, but slower beneath the surface at SF than MB.
These decomposition rates can be used in models of C cycling in peatlands. For example, Frolking and others (2001) developed a peat decomposition model based on prescribed rates of plant production and rates of decomposition of litter, derived from general litter type and temperature and time at which the litter passed from the aerobic to anaerobic sequence of decomposition, at the water table. It was able to simulate accumulation rates observed in several peatlands of eastern Canada. Of critical importance to modelling are the rates of belowground plant production, such as roots, how fast they decompose and their position relative to the water table. Where the roots decompose in an aerobic environment, above the water table, they are unlikely to contribute to long-term organic matter accumulation, compared to the very slowly decomposing Sphagnum input from the surface. But in fens, where sedge roots are able to grow beneath the water table, their contribution to long-term accumulation may be significant.
This study examines part of the continuum from plant tissues to peat that occurs in these wetland ecosystems. Initial decomposition rates (k value) in the surface litters range from 0.05 to 0.25 y in the aerobic 10 cm layer to 0.001-0.005 y )1 under anaerobic conditions at 30-40 cm (Scanlon and Moore 2000) . The modelling efforts of Clymo and others (1998) suggest that these decomposition rates fall to 0.0005 y )1 when the whole of the anaerobic catotelm is considered. Clearly, the dominant controls on rates of decomposition in these peatlands are the type of litter (vascular material vs. Sphagnum) and the position of the water table in controlling how fast the decomposing tissues enter the catotelm and what proportion of belowground production is subject to anaerobic decomposition. Changes in climate, or other disturbances, may be expected to affect plant production and decomposition rates and thus C accumulation in peatlands. Vegetation structure strongly influences the C sink capacity of peatlands (Belyea and Malmer 2004) . A change from Sphagnum to vascular plants, such as associated with increased rates of N deposition (Bubier and others 2007) , will result in faster overall rates of decomposition. Warmer temperatures will increase decomposition rates of litter and a lowered water table under drier climates will also accelerate the decomposition of plant litters introduced within the peat profile.
